1. Introduction {#s0005}
===============

With the development of material science and technology, an enormous number of polymers have been carried out for the delivery of biotherapeutics. Compared with other engineered biomaterials, hydrogels have received remarkable attention in the last few decades for its physical properties resemble living tissues, showing good biocompatibility.

Hydrogels, having a three-dimensional cross-linked structure, are composed of hydrophilic polymers with capacity to captivate water without dissolving ([@b0015]). The presence of hydrophilic groups in polymers, such as amine (--NH~2~), carboxylic (--COOH), sulfate (--SO~3~H) groups, gives hydrogels excellent water lock ability and water imbibition rate of these three-dimensional cross-linked polymers can range from a hundred to several thousand times their own weight ([@b0240], [@b0110]). Interestingly, the rheological mechanical properties of hydrogels storing large volume water are closer to solids rather liquids, which is similar to biological tissue, facilitating hydrogels to mimic natural living tissues ([@b0150]). Chemically or physically cross-linking provides distinctive swelling behavior and three-dimensional porous structure of hydrogels. Hydrogels can reversible swelling and de-swelling, and the swelling properties are highly related to the external environment, such as pH, temperature and ionic concentration, which can in turn contribute to the collapse or phase change ([@b0305], [@b0405], [@b0005]).

Hydrogels can be classified in a variety of ways, such as according to original source (natural and synthetic polymer), cross-linking method (chemically and physically), physical structure (amorphous, supermolecules, hydrogen bone-gels, semi-crystalline), ionic charge (anionic, cationic, ampholitic, and non-ionic), size (macrogels, microgels, nanogels) and biodegradability (non-degradable and degradable) ([@b0215], [@b0265]). Formerly, traditional hydrogel researches focus on chemical cross-linking networks to form permanent gels before treating ([@b0040]). These types of hydrogels have generally been used for implantable applications by surgery. The use of toxic catalyst and cross-linker in these permanent cross-linked system can damage or denature therapeutic molecules, such as proteins or cells, thereby causing low biocompability ([@b0225], [@b0395], [@b0435]). Moreover, traditional hydrogels are not intelligent response to external environment stimuli and have a weak mechanical strength, causing severely limitation of practical application. Therefore, the development of intelligent gels which response to the environment has become a hot spot.

Smart hydrogels, which can response to factors like temperature, pH, light, etc ([@b0145], [@b0135]) have been carried out in many fields such as pharmaceutical materials, biosensors ([@b0035]), drug delivery ([@b0140], [@b0260]), sewage treatment, and soil water conservation. Classification of environment stimulus responsive hydrogels is based on external stimuli type as thermo-sensitive, pH sensitive, electrosensitive, as well as sensitive to light, pressure, ionic strength ([@b0185]). Hydrogels, formed de novo in physiological conditions, attract more attention for reducing the risks of surgical implantation such as scarring and infection ([@b0265]). Thermo-responsive hydrogels are the best studied polymer systems for the temperature is variable naturally and easy to control. The volume (swelling/de-swelling) and transmittance of thermo-sensitive hydrogels will make corresponding respond intelligently with the variety of temperature.

Temperature-sensitive hydrogels contain both hydrophobic and hydrophilic component in structures generally, and the phenomenon of thermal response is derived from the delicate balance between the hydrophobic and hydrophilic portions of the polymer monomer ([@b0445], [@b0330]). Temperature changes the interaction between hydrophilic and hydrophobic segments in the polymer with water molecules, thus can induce a change in the solubility of the cross-linked network, causing the sol-gel phase transition ([@b0025]). The sol phase is defined as a flowing fluid while the gel phase is non-flowing and maintain its integrity. Changing the balance of hydrophilicity and hydrophobicity determines the macroscopic dissolved state of cross-linking network in an aqueous solution ([@b0045]). Gelation property of thermo-sensitive hydrogels can be achieve by microscopic mechanisms depending on the thermo-sensitive groups. Hydrogels exhibit separation from solution and solid either at lower critical solution temperature (LCST) or at the upper critical solution temperature (UCST) ([@b0355], [@b0155]). The polymer is soluble under the LCST, while it begin to shrink, hydrophobic and insoluble when temperature upon LCST, thus resulting in the formation of gel. In contrast, the hydrogel formed upon cooling of the polymer solution has an upper critical solution temperature (UCST). More specifically, the polymer in the solution near the critical temperature exhibits a phase change from a soluble state (random coil) to an insoluble state (collapse or micelle form). The inherent LCST can be set by altering the ratio of hydrophilic to hydrophobic ([@b0330]).

The thermo-sensitive hydrogels have been developed widely due to the controllable release of bioactive agent is sensitive to changes in temperature. Thermo-sensitive gels have many advantages as delivery system. Unlike traditional hydrogels need to be surgically implanted, the temperature-sensitive properties gift the hydrogel injectability for local administration which can avoid first pass metabolism. The temperature-sensitive gel responds to temperature, and the temperature-induced sol-gel transition is safer in the body and more suitable for injectable systems because it does not require any denaturing cross-linking agent. Encapsulation in a flowing state allows the uniform dispersion of therapeutic agent in hydrogels, meanwhile rapid sol-to-gel transition at body temperature avoids initially burst release of the therapeutic agents, thereby controlling the release behavior in a controlled manner. At last, the flowable state of administration imparts the hydrogel shape controllability.

The article reviews the thermosensitive hydrogels and focuses on their application in delivery of bio-therapeutic molecules.

2. Classification of thermosensitive hydrogels {#s0010}
==============================================

Temperature sensitive hydrogels can be divided into negatively thermo-sensitive and positively thermo-sensitive hydrogels according to their temperature-sensitive structure ([@b0210]). Polymers with LCST can form negatively temperature sensitive hydrogels, the polymers shrink along with the temperature increases. At lower temperature, hydrogen bonding between hydrophilic groups of the polymer chain and water molecules is dominates, leading to the dissolution in water. However, with the temperature increases the hydrophobic interactions among hydrophobic groups become strengthened while the hydrogen bonding becomes weaker, causing gelation. Positively temperature sensitive hydrogels increase their water-solubility as the temperature increases, possessing UCST. LCST of some polymers in water is summarized in [Table 1](#t0005){ref-type="table"}. Some temperature sensitive polymers are described below according to the classification (see [Table 2](#t0010){ref-type="table"}).Table 1The LCST of polymers in aqueous solution ([@b0045]).PolymerLCST (°C)Poly(N-isoprolylacrylamide), pNiPAAm∼32Poly(ethylene glycol), PEG∼120Poly(propylene glycol), PPG∼50Poly(methacrylic acid), PMAA∼75Poly(vinyl alcohol), PVA∼125Poly(winyl pyrrolidone), PVP∼160Methylcellulose, MC∼80Table 2List of biotherapeutic molecules delivered by thermo-sensitive hydrogels.Biotherapeutic molecules incorporatedCarriersSignificant effectsReferenceDocetaxelPluronic F127 and N,N,N-trimethyl chitosan•Glioblastoma([@b0400])•Sustained release for more than one monthDoxorubicinChitosan/hyaluronic acid/β-sodium glycerophosphate•Acidic triggered release([@b0470])•Beneficial for tumor site-specific administration of drugDoxorubicinChitosan/β-sodium glycerophosphate/polyethylene glycol•Sustained release for 13 d([@b0125])•Superior tumor inhibitionDoxorubicinD-PNAx nanomedicines•Excellent antitumor activity for regional chemotherapy([@b0410])Diclofenac sodiumChitosan/β-sodium glycerophosphate•Reduced inflammatory response([@b0325])AsprinPoly (N-isopropylacrylamide)/clay (Laponite XLS)/gold nanoparticles (Au-S-S NPs)/caboxymethyl chitosan (CMCTs)•Control the release of asprin([@b0065])Doxorubicin and vaccinia virus vaccine expressing Sig/E7/LAMP-1Chitosan•Increase the number of tumor-specific CD8^+^ T cells([@b0120])•Exhibite a synergistic antitumor effect up to 60dBacillus Calmettee GuérinChitosan/β-glycerophosphate /Fe~3~O~4~ magnetic nanoparticle•Prolong intravesical BCG residence time([@b0465])•Induce a stronger Th1 immune responseLuteolinHyaluronic acid/poly(N-isopropylacrylamide)•Transdermal delivery of luteolin([@b0175])KetoprofenChitosan/poly(N-vinylcaprolactam-co-itaconic acid-co-ethylene--glycol dimethacrylate)•Control the release of ketoprofen([@b0245])DoxorubicinChitosan/poly(N-isopropylacrylamide-co-itaconic acid)•Local therapy for breast cancer([@b0100])Human adipose tissue-derived stem cellsChitosan/β-glycerophosphate/collagen•Form engineered adipose tissue([@b0365])Induced pluripotent stem cellsPolyethylene glycol-co-poly-ε-caprolactone/collagen-binding peptide•Delivery cells to infarcted myocardium and restore heart function([@b0415])ZincChitosan/β-glycerophosphate hydrogel•Promote bone tissue engineering([@b0275])CellsBlock poly(-caprolactone) and poly(ethylene glycol)•Promote peripheral nerve regeneration([@b0280])Rabbit chondrocytesPoly(ethyleneglycol)/poly(ɛ-caprolactone)•Form new neocartilage([@b0290])Acellular bone matrixPoly(ethylene glycol)epoly(ε-capro-lactone)epoly(ethylene glycol)•Promote the bone regeneration of cranial defects([@b0270])Bone marrow-derived mesenchymal stem cellsArg-Gly-Asp modified hydroxybutyl chitosan•Inhibit the proliferation of keloid fibroblasts([@b0335])5-aminosalicylic acidLevan/N-isopropyl acrylamide•Increase the biocompatibility with cells([@b0285])Bone marrow-derived mesenchymal stem cellsPoly-NIPAM•Promote the wound closure([@b0195])DextranGraphene oxide/oligo (ethylene glycol) methyl ether methacrylate/ 2-(2-methoxyethoxy) ethyl methacrylate•Possess high antibacterial activity([@b0070])Mouse bone mesenchymal stem cells•Control the release of drug and cellsKeratinocyte growth factorHeparin-modified poloxamer•Prevent IUA, and promote morphologic and functional recovery of the injured uterus([@b0430])Dexamethasone and recombinant human bone morphogenetic proteinChitosan/β-glycerophosphate•Promote the proliferation and osteoblastic differentiation of cells([@b0250])Collagen IChitosan/β-glycerophosphate•Promote the wound restoration([@b0385])Plasmid DNAChitosan/Pluronic•Enhance local transgene expression([@b0190])Nanocomplex of graphene oxide and vascular endothelial growth factor-165Polyethylenimine functionalized GO nanosheets/low-modulus methacrylated gelatin•Promote controlled and localized gene therapy([@b0295])LysozymePoly(ethylene glycol)-poly(sulfamethazine carbonate urethane)•Sustained delivery of cationic proteins([@b0310])InsulinChitosan/PLGA-PEG-PLGA•Ocular protein drug delivery([@b0345])InsulinPoly (ε-caprolactone)-b-poly (ethylene glycol)-b-poly (ε-caprolactone)•Control the release of insulin([@b0255])Vascular endothelial growth factorPoly(D,L-lactic-co-glycolic acid)-b-methoxy poly(ethylene glycol) (PLGA-mPEG) block copolymer•Promote vascularization and bone regeneration([@b0060])

2.1. Negatively sensitive hydrogels {#s0015}
-----------------------------------

### 2.1.1. N-Isopropylacrylamide-based system {#s0020}

Hydrogels based on poly (N-isopropylacrylamide) (pNiPAAm) are probably the most extensively studied temperature sensitive systems ([@b0455], [@b0230], [@b0080]). The homopolymer and copolymers of pNiPAAm are often investigated for drug delivery, cell encapsulation and tissue engineering. Polymers of poly(N-isopropylacrylamide) contain a hydrophilic amide group and a hydrophobic isopropyl group with the LCST at about 32 °C, showing a sharp phase transition ([@b0300]). Below the LCST, the polymer exhibits a flexible, extended coil conformation in aqueous solution attributing to the formation of hydrogen bonding between polar groups and water molecules. Above the LCST, the hydrogen bond of the cross-linked network breaks, the pNiPAAm hydrogels discharge the water and shrink rapidly, resulting in the changes from a flowable liquid to a gel-like solid ([@b0350], [@b0440]). The LCST of pNiPPAm is closer to the body temperature and can be altered by copolymerizing with other hydrophilic comonomer ([@b0105]). Copolymerization of pNiPAAm with more hydrophilic monomers increases hydrophilicity of the polymer, and the stronger polymer-water interactions cause the increase of LCST. The addition of more hydrophobic monomers results in a lower LCST compared with pNiPAAm ([@b0330]). The hydrogels based on pNiPAAm copolymer with acrylic (AA) and propylacrylic acid (PAA) was developed to adjust the LCST closer to body temperature. Although polymers of pNiPAAm have a suitable LCST, the clinical applications of temperature sensitive hydrogels based on pNiPAAm and its derivatives have limitations due to the unbiocompatibility.

### 2.1.2. Polysaccharides {#s0025}

Cellulose is a natural polysaccharide which is insoluble in water. However, substitute the hydroxyl groups of the cellulose with more hydrophobic groups like methyl or hydroxypropyl gifts the ability of water soluble to the initially insoluble cellulose ([@b0200]). Methyl cellulose (MC), with the LCST is 60--80 °C, is a typical example with thermoreversible gel property ([@b0380]). In order to adjust the LCST of the Methyl cellulose closer to the human body temperature, some other monomer polymers are added. Hydrogels were developed by [@b0205] via grafting methyl cellulose with N-isopropylacrylamide (NiPAAm) in various ratios to adjust the suitable LCST. A lower percentage of methyl cellulose reduced LCST while LCST increased with higher MC ratio compared with pNiPAAm. They reported that the addition of MC to the NiPAAm polymer enhanced the mechanical strength of the gel without causing syneresis. Due to their higher LCST, cellulose has not been widely used in thermosensitive gels, and almost uses as regulators to regulate the other temperature sensitive system to achieve a suitable LCST.

Chitosan, (1--4)-2-amino-2-deoxy-β-D-glucan, is a polysaccharide obtained from the alkaline hydrolysis of chitin, has many advantages over other natural polymers such as biodegradable and non-toxic ([@b0220]). The chain of chitosan has a lot of amine groups (--NH~2~) and hydroxyl groups (--OH), which acting as functional groups to react with crosslinking agent ([@b0425]). The chitosan based thermosensitive system was first introduced by Chenite et al. In 2000 by connecting chitosan with β-glycerophosphate (GP) to alter the gelation temperature ([@b0075]). It's a major breakthrough in the development of temperature-sensitive hydrogels on natural polymer. The mixture system can remain a liquid phase at room temperature while gelation after the temperature is increased to a physiological temperature (37 °C), possessing temperature sensitive property. Different molecular weight of chitosan can't affect the gelation temperature, whereas the concentration of GP directly affects the temperature of gel when the degree of deacetylation and concentration of chitosan maintained. With the increase of GP, the gel temperature decreased ([@b0320], [@b0020]). Nicolas Anton et al. ([@b0375]) clarified the gelation mechanism of the thermosensitive chitosan/polyol-phosphate system recently. They reported that polyols formed a hydration protective layer around the chitosan chains through weak intermolecular interactions like hydrogen bonding. The increase in temperature destroys the polyol layer and permits the polymer to interact through stronger hydrophobic bonds, thus causing gelation. Bhattarai et al. ([@b0030]) incorporated poly(ethylene glycol) (PEG) into chitosan to form a thermoreversible hydrogel without any additional crosslinkers. Chitosan is one of the most widely used materials in temperature sensitive gel systems. However, it has disadvantages such as low mechanical strength and slow temperature response, which needs to be modified by combination with other materials.

### 2.1.3. PEO/PPO based system {#s0030}

Pluronic or poloxamers, known as a triblock copolymers poly (ethylene oxide)-b-poly (propylene oxide)-b-poly (ethylene oxide) (PEO-PPO-PEO), has a thermoreversible property which can be changed by adjusting composition, molecular weight and concentration at physiological temperatures. The amphiphilicity of the PEO-PPO-PEO is attributed to the hydrophilic ethylene oxide and hydrophobic propylene oxide in the structure ([@b0165]). Poloxamers in water exhibit particular gel properties due to differences in physicochemical properties of polyoxyethylene and polyoxypropylene that make up the poloxamer block ([@b0360]). With the increase of temperature, a micelle structure can be formed, that is the hydrophobic PPO chain is wrapped inside to form an inner core and the relatively hydrophilic PEO is combined with water and wrapped around the hydrophobic structure. More importantly, the above micelle structure is not completely independent. When the solution concentration is higher than the critical micelle concentration (CMC), various forces between the micelles will make the micelle further entangled, piled up and gathered ([@b0340]). At this point, gelation will occur with arise of temperature, therefore the poloxamer can be used as a temperature-sensitive in situ gel matrix. Hydrogels based on PEO/PPO block copolymer attract more attention for its temperature sensitivity and biocompatibility. However, the copolymer applied in clinical is limited due to the original undegradable in vivo and easy to be diluted by body fluid after injection which can't achieve long-term effect.

### 2.1.4. PEG/PLGA based system {#s0035}

The copolymerization with polyethylene glycol (PEG) and biocompatible polyesters can produce some interesting hydrogel systems. A gel system with thermal response properties can be obtained and the thermal response properties can be improved by adjusting the length of the hydrophobic polyester block and the PEG block appropriately. For the advantages of non-toxic, biocompatible, biodegradable and thermal sensitive, the poly((lactic acid) co-(glycolic acid)) and poly(ethylene glycol) (PLGA-PEG-PLGA) triblock copolymers become the most attracting materials. The PEG/PLGA amphiphilic block copolymers exhibited a single sol-to-gel transition with decreasing of temperature in water, forming micells ([@b0180], [@b0050]). It is believed that the mechanism of sol-gel transition of a PLGA-PEG-PLGA triblock copolymer is a micelle expansion accompanied by an increase in the number of aggregates driven by hydrophobic forces. Many bioactive drugs have been delivered by thermally sensitive hydrogels based on PEG/PLGA amphiphilic block copolymers.

2.2. Positively temperature sensitive hydrogels {#s0040}
-----------------------------------------------

Most natural polymer like gelatin, agarose, amylose, amylopectin and some cellulose derivatives can form a thermoreversible gel phase by lowering the temperature, belonging to the positively temperature sensitive hydrogels. Gelatin is selected as a representative example. Gelatin, possessing thermoreversible properties, is a denatured protein obtained from the partial hydrolysis of collagen ([@b0460]). When the temperature is increased above 40 °C, the conformation ranges from a helix to random flexible coil, presenting liquid phase. When the temperature is decreased below UCST (35 °C), some segments of the gelatin molecule are re-spinned into a left-handed helix, and hydrogen bonds are cross-linked between the adjacent three left-handed helical segments to form a stable collagen supercoil structure, thus forming a three-dimensional network ([@b0160]). Water molecule is trapped in the interstices between the supercoiled chains by forming hydrogen bonded combined with the --NH~2~ groups. Upon the density of crosslink reaches a certain level, the entire system solidifies into a gel. The triple helix conformation in gelatin drives the nucleation and growth of the crystallites during gel formation ([@b0090]). Hydrogels are believed to have a random coiled conformation at higher temperatures, while they begin to form a double helix and an aggregate with the decrease of temperature, which act as a physical junction of gel. Owning a large number of reactive functional groups gift the gelatin ability of modification. [@b0450] synthesized a hydrogel composed with gelatin and poly(ethylene glycol)-poly(D,L-lactide)(mPEG-DLLA) block copolymers, which could flow at 37 °C and gel at room temperature.

3. Release mechanism of biotherapeutic molecules from temperature sensitive hydrogels {#s0045}
=====================================================================================

From various model studies on the possible release mechanisms of compounds from hydrogel, the drug release mechanisms can be classified as: (i) passive diffusion, (ii) erosion of hydrogels, and (iii) Chemical control. The most common release mechanism of thermo-sensitive hydrogels is passive diffusion, and different sizes of biotherapeutic molecules which entrapped in the gel matrix can diffuse freely depending on the size of the mesh of the gel matrix ([@b0010], [@b0055]). The behavior in turn influenced by several parameters, including the degree of cross-linking, the chemical structure of monomer and the intensity of external stimuli. The typical mesh size of temperature-sensitive hydrogels as reported ranges from 5 to 100 nm in swollen state ([@b0235], [@b0085]), which is much larger than most small molecule drugs. Thus, the diffusion of these drugs is free in a swollen state, while macromolecules such as oligonucleotides, peptides and proteins will exhibit sustained release unless the structure and mesh size of the swollen hydrogel are properly designed to achieve the desired diffusion rate ([@b0130]). In the case of erosion-controlled mechanism, the release of biotherapeutic molecules is depending on the rate of erosion ([@b0170]). Finally, chemical controlled release is determined by the chemical reactions in the gel matrix, including polymeric chain cleavage by hydrolysis or enzymatic degradation, or reversible/irreversible reactions that occur between the polymer network and the release of the drug ([@b0115]).

4. Applications of temperature sensitive hydrogels {#s0050}
==================================================

Due to the ability of good biocompatibility and mimic the extracellular matrix environment, hydrogels become the potential candidates for many biomedical applications. Typical applications for hydrogels include soft contact lenses, wound healing, tissue engineering, and sensors. To date, hydrogels have been widely developed for significant complicated applications instead of simple contact lenses, particularly in the controlled delivery of therapeutic agents and tissue engineering. The porous structure of hydrogels can be adjusted by cross-linked density, thus the release behavior of different bioactive agent like proteins or drugs can be controlled. Some prominent examples of temperature sensitive hydrogels for delivery of drugs, genes, cells or other therapeutic agents are described below.

4.1. Temperature sensitive hydrogels for drug delivery {#s0055}
------------------------------------------------------

Cancer treatment with conventional chemotherapy causes systemic toxicity usually. The use of thermosensitive hydrogels for localized administration can reduce the side effects and maintain the controlled release of drugs at the tumor site, thus increasing its efficacy. The application of chemoimmunotherapy used for cancer therapy has been limited by the toxicity to the healthy cells. To overcome the limitation, localized treatment like hydrogel-based drug delivery systems have been researched to make the therapy more effective with minimal damage to the host immune systems.

Md Hasan Turabee and co-workers ([@b0400]) developed a thermosensitive hydrogel by mixing pluronic F127 (PF127) and N,N,N-trimethyl chitosan (TMC) to delivery docetaxel (DTX) for the treatment of glioblastoma. The addition of TMC in the gel system increased the porosity of gel network and improved the mechanical strength of PF127, thereby increasing the cumulative of DTX. The thermosensitive hydrogel system showed sustained release of DTX for more than one month and offered a promising strategy for the treatment of brain tumor *in vivo*. A body temperature sensitivity hydrogel loaded with Doxorubicin (DOX) was developed based on chitosan/hyaluronic acid/β-sodium glycerophosphate system ([@b0470]). By adjusting the ratio of hyaluronic acid, the mechanical strength improved and the gelation temperature could be tuned at the same time. Meanwhile, the presence of hyaluronic acid inhibited the initial burst release of DOX from the chitosan/β-sodium glycerophosphate system. [@b0125] prepared a self-healing thermosensitive hydrogel based on chitosan/β-sodium glycerophosphate and polyethylene glycol (DF-PEG) loaded with DOX. In a Heps tumor model in mice, gels were injected to control the growth of tumor by intratumoral injection, showing a superior tumor inhibition and relieving cardiotoxicity of DOX.

[@b0410] reported a temperature-sensitive PNAx triblock polymers by co-assembling DOX with nanomedicines (D-PNAx) for regional chemotherapy against liver cancer. Treatment with the temperature sensitive in-situ-forming hydrogels, D-PNAx nanomedicines showed excellent antitumor activity against H22 tumor via intratumoral administration. The treatment of arthritis by intra-articular injection of drugs is considered an effective manner. A schematic representation of this temperature-sensitive system is shown in [Fig. 1](#f0005){ref-type="fig"}. A thermo-sensitive hydrogel based on chitosan combined with alginate microspheres was developed to deliver diclofenac sodium to promoting the anti-inflammation effect. The anti-inflammation efficacy was evaluated and confirmed with experimental rheumatoid arthritis in rabbits ([@b0325]) [@b0065] synthesized a novel tough robust biocompatible and dual pH- and temperature- responsive poly (N-isopropylacrylamide)/clay (Laponite XLS)/gold nanoparticles (Au-S-S NPs)/carboxymethyl chitosan (CMCTs) nanocomposite hydrogel by a facile one-pot method to delivery asprin in a controllable release property.Fig. 1(A) Schematic illustration of the forming process of the temperature sensitive in situ hydrogels consisting with DOX and PNA for regional chemotherapy; (B) Tumor growth curves of *in vivo* anti-tumor efficacy against H22 tumor-bearing Balb/C mice; (C) Tumor weight of each group collected at 14 days after treatment; (D) Tumor photographs of each group. ([@b0410]).

[@b0120] developed a chitosan-based thermosensitive hydrogel used as a local anticancer drug delivery system to combine chemotherapy and immunotherapy for cancer treatment. Continuous release of doxorubicin and vaccinia virus vaccine expressing Sig/E7/LAMP-1 could be observed from the thermosensitive injectable hydrogel system via intratumoral injection. The combination did not decrease but rather increased the number of tumor specific CD8+ T cells and improved the efficacy up to 60 days with a synergistic antitumor effect, meanwhile the survival of tumor-bearing mice prolonged dramatically. A magnetic thermosensitive hydrogel as intravesical delivery system loaded Bacillus CalmetteeGuérin (BCG) was developed, which was composed of chitosan (CS), bglycerophosphate (GP) and Fe~3~O~4~ magnetic nanoparticle (Fe~3~O~4~-MNP) ([@b0465]). The magnetic in situ hydrogels extended the residence time of BCG in the bladder, thus eliciting stronger Th1 immune response and revealing excellent antitumor efficacy. A [@b0175] prepared double cross-linked interpenetrating polymer network (IPN) hydrogels by radical polymerization and Michael addition composed of temperature sensitive poly (N-isopropylacrylamide) (PNIPAM) and pH sensitive hyaluronic acid (HA) for transdermal delivery of luteolin. Dual temperature/pH-sensitive hydrogels based on poly(N-vinylcaprolactam-co-itaconic acid-co-ethylene- glycol dimethacrylate) (poly(NVCL-co-IA-co-EGDMA)) were developed to delivery ketoprofen, and seems to be a promising new concept carrier for hydrophobic drugs ([@b0245]).

Similarly, dual thermo-and pH-responsive hydrogels were developed and loaded with doxorubicin (DOX) with potential therapy of breast cancer by Marziyeh Fathi ([@b0100]). The thermo and pH sensitive was achieved by blending synthesis of poly(N-isopropylacrylamide-co-itaconic acid) (PNIAAm-co-IA) with chitosan (CS) through ionic crosslinking using glycerophosphate (GP). The process of the hydrogel preparation is shown in [Fig. 2](#f0010){ref-type="fig"}.Fig. 2Schematic illustration for preparation of thermo-sensitive hydrogel loaded with DOX ([@b0100]**)**.

4.2. Temperature sensitive hydrogels for cell culture and tissue engineering {#s0060}
----------------------------------------------------------------------------

Hydrogels designed as a scaffolds for tissue engineering application can reflect some characteristics of extracellular matrices such as surface properties, mechanical strength and biodegradability. Mechanical strength is important when hydrogels are applied as implants to replace the diseased or damaged tissue and temperature sensitivity allows the hydrogel form different shapes to meet a variety of damaged tissues. Limitation of maintain long-term survival of the transplanted cells in the host can be overcome by the hydrogel systems.

A chitosan/β-glycerophosphate/collagen (C/GP/Co) hybrid hydrogel with a gelation temperature of 37 °C was developed to encapsulate human adipose tissue-derived stem cells (ADSCs). ADSC in hydrogel maintained a characteristic morphology with high viability over 5 days *in vitro* and the capability of engineered adipose tissue formation and biocompatibility was demonstrated in SD rats ([@b0365]). [@b0415] developed a polymer hydrogel with temperature-sensitivity to encapsulate, delivery and integrate induced pluripotent stem cells (iPSCs) into infarcted myocardium to restore heart function.

[@b0275] developed a thermo-sensitive hydrogel containing zinc, chitosan and glycerophosphate for bone tissue engineering. The thermo-sensitive hydrogel exhibited geometrically well-defined pores with crystalline nature and shows swelling ability and demonstrated to enhance antibacterial activity and promoted osteoblast differentiation. N poly(3-caprolactone) (PCL) and poly(ethylene glycol) (PEG) used a tissue engineering scaffolds was reported by Xu et al. And presented a highly porous surface area for cell attachment ([@b0280]). Park et al. showed that the PEG/PCL temperature response hydrogel scaffolds retained the morphology of chondrocytes, and enhanced regeneration by serving as a mechanically functional cartilageneous extracellular matrix (ECM) ([@b0290]). Meanwhile, Wei et al. reported another PEG/PCL hydrogels with high bone regenerative ability ([@b0270]).

An Arg-Gly-Asp (RGD) modified hydroxybutyl chitosan (HBC) Hydrogel (HBC-RGD) was developed to enhance the adhesion and proliferation of mesenchymal stem cells (BMSCs) within the hydrogel. [@b0335] reported that the HBC-RGD thermo hydrogel having desired thermosensitivity, biocompatibility and enzymatic degradability *in vitro*, and could be applied as a potential 3D hydrogel scaffold for cell culture. A thermosensitive hydrogel with more biocompatible was successfully synthesized based on levan cross-linker and N-isopropyl acrylamide ([@b0285]). The delivery system was proven to have good compatibility with mouse fibroblast L929 cells.

A novel biocompatible thermo-sensitive hydrogel to carry BMSCs for full thickness skin wound healing was created ([@b0195]). The results confirmed the thermo sensitive property and showed great promotion of wound closure, reducing the inflammatory responses surrounding the wounds. [@b0070] reported an injectable hydrogel which assembled by graphene oxide (GO) and thermo-sensitive nanogels (tNG). The hybrid hydrogel showed its own high antibacterial activity, and demonstrated the responsive drug release behaviour and high cells viability which encapsulated.

4.3. Temperature sensitive hydrogels for protein delivery and gene therapy {#s0065}
--------------------------------------------------------------------------

Thermosensitive hydrogels have been widely researched in the delivery of proteins or growth factors due to their ability of controllable, accurately, sustained, and localized treatment, to achieve optimal doses at local sites for effective tissue regeneration and repair. Proteins have been attract more and more attention due to their excellent activity. However, protein drugs are susceptible to the environmental conditions (such as temperature, pH and enzymes) which leading to structural changes and loss of activity. The temperature-sensitive hydrogel used as a carrier for the delivery of protein drugs has the following advantages: (i) The protein is dispersed in the three-dimensional network structure uniformly, preventing the aggregation and precipitation and avoiding inactivation; (ii) The hydrogels form a protective film to isolate the proteins from the environment and avoid denaturation of proteins during preparation, storage and delivery; (iii) The proteins in hydrogels release in an controllable and sustained manner. Hydrogel possess a key corss-linking structure for nucleic acid based drugs to release in a controlled manner. Negatively charged nucleic acids like oligonucleotides, siRNA or DNA can be easily incorporated into a weakly crosslinked polyelectrolyte hydrogels or easily loaded into another nanoscale delivery vehicle.

A temperature-sensitive heparin-modified poloxamer hydrogel with affinity to keratinocyte growth factor (KGF) was developed to deliver KGF and prevent intrauterine adhesion (IUA) by [@b0430]. The solution transited to hydrogel rapidly at 33 °C in uterus cavity, and the KGF released in a sustained release manner for a long time. Meanwhile, the thermo-sensitive hydrogels prolonged the retention of KGF in uterus. The recovery of the injured uterus in morphology and function in rat model demonstrated the successful for IUA treatment with temperature-sensitive hydrogels. A CS/GP hydrogel system was developed as a reservoir to delivery bone morphogenetic protein-2(BMP-2) ([@b0250]). [@b0385] constructed a thermo-sensitive hydrogel based on chitosan/β-glycerophosphate (CS-GP), which mixing with hydroxypropylcellulose and collagen to improve the adhesion ability, viscosity and biocompatibility. The addition of collagen gifted the hydrogel good cytocompatibility. Jung Im [@b0190] designed a temperature-sensitive hydrogels based on chitosan/pluronic for gene therapy to enhance local transgene expression. The chemically crosslinking was triggered by photo-irradiated at 37 °C, meanwhile, the release rates of plasmid DNA encapsulated in hydrogel could be controlled by changing the photo-irradiation time and the chitosan content.

A study was carried out to develop an injectable and biocompatible hydrogel which can efficiently deliver a nanocomplex of graphene oxide (GO) and vascular endothelial growth factor-165 (VEGF) pro-angiogenic gene for myocardial therapy ([@b0295]). In order to overcome the limitation of protein delivery system, V.H. Giang Phan and their team ([@b0310]) developed an anionic injectable hydrogel with pH and temperature response properties based on poly(ethylene glycol)-poly(sulfamethazine carbonate urethane) (PEG-PSMCU) copolymers to delivery protein. The gelation time and mechanical strength and viscosity of the hydrogel system could be tunable by varying pH and temperature. The hydrogel was used to encapsulate lysozyme and the results proved the sustained release in SD rats for 7 days. Hydrogels can be used as a vector to delivery insulin. [@b0345] prepared a new double-controlled hydrogel system to delivery insulin for ocular delivery via subconjunctival injection. The double-controlled release system was prepared by adding insulin-loaded chitosan nanoparticles to PLGA-PEG-PLGA hydrogels and showed good therapy. Meanwhile, [@b0255] researched a pH and temperature responsive hydrogel by poly (ε-caprolactone)-b-poly (ethylene glycol)-b-poly (ε-caprolactone) to delivery insulin.

[@b0060] developed an injectable temperature sensitive hydrogel by star-shaped poly(D,L-lactic-co-glycolic acid)-b-methoxy poly(ethylene glycol) (PLGA-mPEG) block copolymer to load vascular endothelial growth factor (VEGF) for forming neovascularization. The presence of hydrogel delayed the release of VEGF in contrast with micospheres, and the results *in vivo* suggested the feasibility to apply for the vascularization and bone regeneration of femoral head necrosis. A schematic illustration for preparation of injectable hydrogel is shown in [Fig. 3](#f0015){ref-type="fig"}.Fig. 3The preparation process of thermo-sensitive injectable hydrogel with VEGF loaded microspheres by Chen et al. used for vascularization and bone regeneration of femoral head necrosis ([@b0060]).

4.4. Temperature sensitive hydrogels for other application {#s0070}
----------------------------------------------------------

Thermosensitive gel has an enormous potential in some other application such as wound care, cosmetology etc. Intranasal delivery is a non-invasive and convenient method to provide not only efficient systemic drug delivery but also a potential to bypass the blood-brain barrier (BBB) ([@b0420]). The temperature-sensitive hydrogel was utilized as a delivery system to alter the permeability in nasal cavity ([@b0095]). Sultana et al. developed a hydrogel with the ability of temperature gelation for post-surgical peritoneal tissue adhesion prevention ([@b0370]). Temperature sensitive hydrogel was designed to dissipate heat by mimicking the phenomenon of biological sweating ([@b0315]).

In summary, temperature sensitive hydrogels are excellent carriers for the delivery of various biotherapeutic molecules with the following advantages: (i) Hydrogels which are sensitive to temperature can gel at body temperature and more convenient to administer; (ii) The formed hydrogel matrix can protect the incorporated cells and fragile drugs; (iii) The release of biotherapeutic molecules from hydrogels can be controlled, thereby improving efficacy and reducing side effects. The mechanical strength of the swelling gel, poor temperature sensitivity, and biocompatibility of the polymers are challenges and limitations for temperature sensitive hydrogels used as delivery vehicles for biotherapeutic molecules.

5. Conclusion and future perspectives {#s0075}
=====================================

The field of thermally responsive hydrogels attract more interests to biomedical scientists and engineers. Overall, this review has highlighted the polymer materials classified by temperature sensitivity and summarized the latest application advances in the field of temperature-sensitive hydrogel systems for biotherapeutic delivery. We introduced the principle of temperature sensitive based on polysaccharides, NiPAAm, PEO/PPO, and PEG/PLGA polymers. Gelation caused by temperature is a mild process which will not damage the encapsulations in hydrogels. Various researches have been carried out to explain the gelation behavior (swelling and de-swelling) of temperature-sensitive hydrogels, propose some new thermosensitive materials based on synthetic and natural polymers, and identify the key factors such as hydrophilic/hydrophobic balance in molecular composition. The shifting temperature within the physiological range, the increase in mechanical properties, and the control and enhancement of biodegradability are major research priorities, making thermosensitive hydrogels an exciting potential for use in biomedical applications. A few points should be emphasized when designing a new temperature-sensitive gelling system for biomedical applications as follows. (a) The choice of the temperature sensitive polymer types will affect the biocompatibility and biodegradability of gel systems. (b) The porosity of the gel system should be adjusted according to the packaged bioactivity agents, thereby regulating the release of drugs and maintaining the activity of cells. (c) The mechanical stiffness of the temperature-sensitive hydrogels formed in situ has a great influence on its practical application. (d) The duration of gelation time should be controlled to decrease the initial burst release of drugs. (e) Appropriate temperature-sensitive materials should be selected according to the route of administration, such as oral, ocular, rectal, vaginal and parenteral, to satisfy on-demand therapeutic release in the body.

In addition, shortcomings of temperature-sensitive hydrogels such as slow temperature response, low mechanical properties, and poor biocompatibility will affect the expansion in application field. Therefore, the development of a successful temperature-sensitive hydrogel delivery system depends on the development of sophisticated material engineering. The future direction of temperature-sensitive hydrogels is to optimize and improve the characteristics of hydrogels to satisfy the treatment needs, and to prepare green smart hydrogels with lower cost, lower toxicity, excellent biocompatibility and biodegradability. Meanwhile, in-depth studies of delivery systems are also needed using *in vivo* techniques in order to effectively convert a temperature sensitive hydrogel into clinical practice.
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